INTRODUCTION
The mechanical behavior of chalks has generated interest in the industrial community since the North Sea, Ekofisk field subsidence was discovered. To remedy the compaction problem, the previously depleted pore pressure was increased by injection of seawater. The seawater injection led to increased recovery rates, but unexpectedly the compaction prevailed even where the pore pressure, and thereby the effective stress, approached the level before oil production started (Hermansen et al., 2000; Nagel, 2001; Doornhof et al., 2006) . The prevailing compaction in the water-flooded zones at preproduction stress conditions indicated that not only the load and pore pressure, but also the pore-fluid composition, dictate the mechanical behavior of chalk (Newman, 1983; Sylte et al., 1999; Hellmann et al., 2002; Korsnes et al., 2008) . As such, a water-weakening effect was proposed.
Significant efforts have been put into understanding how, and to what extent, alterations to the water chemistry changes the mechanical behavior of chalk. Several aspects of chalk strength have been studied. It has been found that the pore-fluid composition affects the (1) tensile strength from Brazilian tests (Madland et al., 2002; Risnes et al., 2003; Heggheim et al., 2005) , (2) shear strength (i.e., the frictional coefficient and cohesion) (Madland et al., 2002; Risnes et al., 2005) , (3) the position of the failure envelope (Madland et al., 2002; Risnes et al., 2005) , and (4) the time-dependent creep deformation at constant stress and pressure condition. At high temperatures, sulfate and magnesium ions are particularly important to trigger accelerated creep strain rates during continuous flow-through and compaction, although the way that these two ions dictate overall compaction rates differ (e.g., Nermoen et al., 2014 Nermoen et al., , 2015 . Experiments indicate that the ion exchange on available surface sites as well as the dissolution of calcite and formation of secondary minerals can play a role in dictating the observed mechanical response (Madland et al., 2011) ; (5) Within the elastic domain, water softening of chalk at elevated temperatures has been observed, in triaxial cell experiments (e.g., Madland et al., 2011; Megawati et al., 2013 Megawati et al., , 2015 and in elastic moduli derived from ultrasonic velocities (Japsen et al., 2004; Katika et al., 2015) .
The mechanical elasticity and strength of porous rocks can be quantified from rock mechanical testing. At hydrostatic conditions, which are the focus of this paper, the observed elastic bulk modulus K drained of the rock can be obtained from incremental variations in effective stress σ 0 hyd , and the corresponding variation in volumetric strain ε vol :
It should be noted that K drained derived from mechanical triaxial loading tests typically include contributions from elastic as well as plastic deformation such that it tends to be smaller than the purely elastic modulus of the frame K frame bulk derived from ultrasonic data. Further, if the compressive strain is accumulated by pore-volume reduction, the time required for particles to reorganize and fluids to filtrate through the pore space would lead to an apparent stiffening of the material at higher strain rates. To account for these effects, the strain rate should be sufficiently low. On the other hand, the strain rate should be sufficiently high to avoid any creep effects occurring at lower stresses well within the elastic domain (Singh et al., 2017) .
According to Biot (1941) , the effective stress for elastic strain depends on the externally imposed hydrostatic stress σ hyd , and pore pressure P p :
where α is Biot's coefficient. Equation 2 illustrates that in a porous material, the externally applied load is carried by the frame and a fraction α by the pore pressure. From Biot (1941) , it is easy to derive the following expression:
where K min is the mineral bulk modulus and K frame bulk is typically obtained from ultrasonic tests in which the dry density ρ, and elastic wave velocities V P (P-wave) and V S (S-wave) of dry air-saturated samples using K frame bulk ¼ ρðV 2 P − 4V 2 S ∕3). When the imposed effective hydrostatic stress exceeds a threshold called yield stress, the initial predominantly linear elastic behavior becomes overshadowed by plastic deformation.
We envision that the elastic bulk modulus of a chalk frame depends on the degree of particle contact cementation and on electrostatic forces. Contact cement is initiated at particle contacts during the diagenetic transformation of carbonate ooze to chalk and cause induration (Fabricius, 2003) (Figure 1a) . A probable mechanism initiating contact cementation is pressure dissolution. According to Croizè et al. (2010) , pressure dissolution at calcite-calcite contacts requires 400 MPa. Such stresses may develop at particle contacts during early (200-300 m) burial of carbonate ooze at a high Biot's coefficient (≥0.98) (Fabricius, 2014) . Dissolved ions from stressed particle contacts precipitate onto unstressed regions nearby leading to coalescence of neighboring particles (Revil, 2001) . Contact cementation involves perfectly matched crystal interfaces that are sufficiently close to each other (<1-2 nm) that intermolecular attractions occur, which are responsible for binding two adjacent calcite particles to each other (Van der Waals forces, Appendix A).
In addition to contact cementation, the surface charge has been inferred to have an impact on the mechanical behavior of high-porosity chalk (e.g., Megawati et al., 2013) . These authors note that the cohesive force from Van der Waals attraction would be counteracted by the electrostatic repulsion between two adjacent surfaces charged due to adsorption of divalent anions. Even in pure water, calcite has a surface charge distribution, which can give rise to electrostatic repulsive forces Røyne et al., 2015) .
The strength of the cohesive Van der Waals attraction and the electrostatic repulsion scales differently with respect to the distance because attraction dominates at short distances whereas repulsion dominates at intermediate distances. Figure 2a illustrates the side view of two neighboring calcite particles, which are held together by contact cementation allowing attractive Van der Waals forces, while being repelled by the electrostatic forces. The electrostatic repulsion and the Van der Waals attraction can be added together (Figure 2b ). Note that the attractive forces have a minus sign, whereas the repelling forces have a plus sign, which is opposite of the convention in geotechnical engineering, where inward-directed forces are positive. The sum of the two effects is termed the disjoining pressure PðdÞ. A calculation of P as function of the distance between two adjacent surfaces is shown in Appendix A with parameters in Table A-1. Whether attraction or repulsion dominates the overall behavior depends on the surface charge itself and the distance between the particle surfaces. We offer a phenomenological description of the underlying surface processes that are at play when brines of different composition saturate the chalk. On the contrary, for chalks not saturated with polar or electrolytic fluids, the electrostatic field is neutralized because a monolayer of water molecules neutralizes the positively and negatively charged sites on the {10-14}-form of the calcite rhombohedron (Stipp, 1999) .
To find the electrostatic component of chalk strength and stiffness, we will in this paper show the results of 32 hydrostatic loading experiments on brine-saturated chalk, where ionic composition of brine and testing conditions are varied. Two tests on Soltrol oil-saturated chalk, where the electrostatic effects are minimized, were performed to have a comparative basis for brine-saturated tests.
GEOLOGIC SAMPLES
Liège chalk was used for the present study. It has been frequently used as an analog material to study the chemo-mechanical processes occurring in North Sea reservoir chalks. The sampled chalk belongs to the Cretaceous (Campanian to early Maastrichtian) Gulpen Formation and has silt-and fossil-bearing mudstone texture (Figure 1 ). Besides calcite, which represents the major mineralogical component ranging from 94% to 99%, quartz, smectite, mica, kaolinite clinoptilolite, and traces of apatite, feldspar, pyrite, and titanium oxides may be found (Hjuler and Fabricius, 2009 ). For chalk samples from Liège, Hjuler and Fabricius (2009) find the Brunauer-Emmett-Teller (BET) specific surface area to be 1.7 and 3.4 m 2 ∕g, as well as mineral density of 2.72 g∕cm 3 , Megawati et al. (2015) find carbonate content of 95% and specific surface of 3.9 m 2 ∕g, whereas Andersen et al. (2017) find a mineral density of 2.69 g∕cm 3 and a specific surface area of 2.7 m 2 ∕g.
METHODS

Sample preparation
Cylindrical plugs were drilled from the Liegè chalk blocks before being radially adjusted and cut to the desired length. Before testing, the plugs were dried at 100°C overnight such that the dry mass could be measured. Ultrasonic velocities were measured on a single sample. The plugs were then cooled in a desiccator vacuum chamber and saturated with distilled water for wet weight measurement, and then dried again. The saturated minus the dry weight were used to quantify the pore volume and hence the saturation porosity. Two samples (acquired from a separate Liège block with similar porosity and mechanical behavior) were saturated with Soltrol oil, whereas 32 chalk samples were saturated with four different brines: synthetic seawater (SSW), 0.657 M NaCl, 0.219 M Na 2 SO 4 , and 0.219 M MgCl 2 (Table 1, the recipe of each brine is shown in bold). Seawater was chosen because this is used for injection in oil reservoirs on the Norwegian Continental Shelf, such as the Ekofisk field, for pressure support and enhanced oil production purposes; NaCl was used because of the low degree of chemical reactions and adsorption/ desorption expected from the sodium or the chloride-ion, Na 2 SO 4 was used because of the presence of the divalent anion (SO 4 2− ), and MgCl 2 because of the divalent cation (Mg 2þ ). Sixteen of these samples were saturated the same day as they were mounted into triaxial cells. These 16 tests were termed the unaged samples, and the initial porosity (ϕ ini , i.e., the porosity before the mechanical loading test) was simply given by the saturation porosity. The other 16 samples were put in 120 cm 3 aging cells and placed in a heating cabinet for three weeks at 130°C and a fluid pressure of 0.7 MPa to avoid boiling, before they were cooled down and mounted into the triaxial cells. The initial porosity of these samples were given by an adjustment of the saturation porosity in which chemical calculations based ion chromatography analysis of effluent samples taken from the aging cells. Any change in fluid composition resulted from rock-fluid interactions between brines and chalk (see Table 2 ). The prolonged aging was done to make sure that the system attained equilibrium with respect to adsorption of anions/cations and to check directly if the weakening at 130°C is reversible for the samples mechanically tested at 23°C.
Loading experiments
Loading experiments were performed at ambient temperature (23°C) and at 130°C, which is equivalent to the Ekofisk reservoir temperature. The overall test matrix for brine-saturated samples consists of two test temperatures, unaged or aged, and four brine compositions, i.e., a test matrix of 2 × 2 × 4 ¼ 16 tests. Each test was duplicated to check the reproducibility and to identify outliers, such that, in all, 32 mechanical loading experiments were performed on brine-saturated samples. In addition, two oil-saturated samples were tested in the triaxial cell at ambient temperature, in which the impact of electrostatic fields from the chalk surface is assumed to be negligible.
The experiments were performed in triaxial cells with continuous drainage from both ends. The axial length of the sample L was measured via a linear voltage differential transducer placed on top of the moving piston. The cells were equipped with a heating jacket and regulating system (Omron E5CN), with precise temperature control (AE0.1°C). The temperature was monitored by a Pt-100RDT resistance temperature detector placed inside the cell. Three Gilson pumps (Model 307 HPLC) were connected to the cell allowing independent control of the piston pressure P pist , radial confining stress P cf , (i.e., the pressure in the confining oil), and injection flow rate q in .
The axial stress σ ax was calculated from P cf and P pist , as well as the hydraulic pressure required to overcome the piston friction P fric , and an area factor f relating the cross area of the piston to the cross area of the sample (f ¼ 1.28 was used):
The piston pressure was set to 0.2 MPa above the measured friction to ensure piston movement as the plug compacted. The axial stress was therefore 0.25 MPa higher than the radial stress. Hydrostatic conditions were considered to be met above 5 MPa confining pressure when the ratio of axial divided by radial stress became less than 1.05. The samples were surrounded by a heat-activated shrinkage sleeve (polymer plastic) to separate the plug from the confining oil. Mechanical loading was performed by increasing P cf continuously by injecting confining oil at a constant rate of 0.05 ml∕ min. An injecting rate of 0.05 ml∕ min corresponds to a loading rate from 1.2 to 10.0 MPa during 2 h, which is a trade-off to avoid pore pressure build-up inside the sample and sufficiently fast to minimize the effect of time-dependent plastic compaction. The brine permeability of Liège chalk was reported by Andersen et al. (2017) to be 1.8 and 1.9 mD, whereas Nermoen et al. (2015) report it to be 1.1 mD.
The flow loop coupled to the triaxial cell was saturated with the test brine before the loading test started to ensure a constant brine composition. Brines were continuously injected into the flow loop with the bypass valve "open" to ensure zero pore-fluid pressure difference across the sample, and a backpressure regulator downstream ensured that the fluid pressure was maintained at 0.7 MPa. Each loading test that was performed at 23°C took one whole workday, whereas each test at 130°C took three days. Table 1 . Ionic composition of the original brine in which samples were submerged during aging and saturated during mechanical test are shown in bold. The associated brine composition of fluid samples after the aging (three weeks at 130°C) are shown. During hydrostatic stress buildup, the axial ε ax strains were measured from the change in length divided by the initial length, ε ax ¼ −ΔL∕L 0 . Typically, at hydrostatic stress conditions, the sample does not keep its cylindrical geometry during loading even when the material is nearly isotropic (Nermoen et al., 2015) , an effect most likely originating from the boundary conditions imposed by the steel end pieces on both ends of the sample (Nermoen et al., 2016) . This leads to a larger radial strain at the center of the sample than at the ends, where negligible radial strain is seen. Under the assumption that the total bulk volume change is proportional to the axial deformation, we set the volumetric strain ε vol ¼ 3ε ax for all experimental analyses. This is likely an overestimate of ε vol ¼ 3ε ax leading to a too-low bulk modulus estimate. The imposed error is systematic for all tests enabling an internally consistent comparison. To calculate the porosity evolution during compaction the following relation was used:
Sample ID and test temperature
Fluid sampling
Fluid samples were collected directly from the (120 ml) aging cells of the brines surrounding the samples after three weeks at 130°C. The fluid samples were diluted 500 times with distilled water using a Gilson GX-271 machine to meet the linear region of the calibration curve of the Dionex ICS-3000 chromatograph. The concentration of four anions and three cations were estimated using the IonPac AS16 and IonPac CS12A exchange column, respectively. Each concentration was quantified from the area under the chromatographic curve compared with known standards. Table 1 reports the concentrations of four cations (sodium, potassium, magnesium, and calcium) and two anions (chloride and sulfate). The values can be compared with the original values shown in bold (Table 1). Because the fluid concentrations are given and the volume of the cell, the bulk volume of each sample, and the porosity are known, we may quantify the amount of dissolution/precipitation that occurred in the sample (Table 2) . 
RESULTS
Bulk moduli and yield strength
Mechanical loading test results for the brine-saturated samples were compared with results from tests on oil-saturated samples by plotting stress-strain curves (Figure 3a-3f) . Figure 3a -3d shows the loading curves of chalk saturated with seawater, NaCl brine, Na 2 SO 4 brine, and MgCl 2 brine, respectively. In Figure 3e , the unaged oil-saturated samples tested at 23°C are shown. A straight line was fitted to the initial stage of each loading curve enabling the determination of the drained bulk modulus K drained . The value of K drained for each experiment was only obtained from the initial linear part of the stress-strain curves (Figure 3 ). Hydrostatic loading further, the stress-strain data curved until a new linear behavior was Table 3 . Brine composition, testing temperature, aging or no aging, as well as bulk modulus (K drained ) and onset of yield from mechanical testing. Initial porosity originate from saturation tests, porosity after aging are calculated in Table 2 , and porosity at onset of yield (ϕ y ) is estimated from the strain at yield, ϕ y ϕ a − ε vol;y ∕1 − ε vol;y during loading. Outlier sample with higher porosity.
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observed. From the secondary linear region (less steep than the initial region), the plastic modulus was obtained. The straight dashed lines in Figure 3e and 3f exemplify the determination of the drained bulk modulus and plastic modulus for four different tests saturated by oil and SSW. The change from the initial linear elastic behavior to the secondary linear plastic behavior was characterized using three stresses: (1) onset of yield, (2) pragmatic yield, and (3) full yield. These stresses are related to pore collapse of the sample, in which volumetric compaction is accommodated by pore-volume reduction. When the observed stress-strain curve deviated more than 0.3 MPa from the initial linear behavior, the stress at onset of yield was determined. In the same way, full yield was found by comparing with the onset of linear plasticity. The pragmatic yield stress in the middle occurred at the strain when the linear elastic and linear plastic lines intercept (red square in Figure 3e and 3f) . The values of the initial elastic bulk drained modulus, the onset, pragmatic and full yield, and corresponding porosities are illustrated in Figure 3e and 3f and reported in Table 3 . The oil-saturated samples are stiffer and have higher yield stress than the brine-saturated samples (Figure 3 ). The average frame bulk modulus of the two oil-saturated samples tested in static triaxial tests at drained conditions was found to be K drained ¼ 1.33 GPa (average of 1.22 and 1.43 GPa of the two tests shown in Table 3 ). From equation 3, we obtain α ¼ 0.98 using 75 GPa as the elastic bulk modulus of calcite. We can then from equation 2 calculate the effective stress σ 0 for all tests. From dynamic ultrasonic velocity test (very low strain amplitude) on a dry sample, we obtain K frame bulk ¼ 2.77 GPa, corresponding to α ¼ 0.96. In Figure 4 , we plot the results of the triaxial tests with K drained along the x-axis and the pragmatic yield stress Y p along the y-axis for all 32 brine-saturated samples. K drained and Y p are only weakly correlated, but a linear relation can still be constructed with a coefficient of determination R 2 ¼ 0.45 (n ¼ 32) (Figure 4a ). The samples saturated with seawater are distributed along the trend line from the "soft-weak" quadrant to the "stiff-strong" quadrant of the plot. This is not the case with the NaCl-tests because all these samples tend to be found in the stiff-strong quadrant, and not elsewhere. Samples saturated with Na 2 SO 4 -brine tend to be soft and weak dependent upon aging and temperature. The two Na 2 SO 4 -tests found in the stiff-strong quadrant were unaged and mechanically tested at 23°C exemplifying when sulfate weakening does not occur. The samples saturated by MgCl 2 -brine tend also to behave stiff and have a relatively high yield stress for a given K drained . The MgCl 2 outlier test (L8), had an initial porosity of 43.3%, whereas the rest of the samples had a porosity in the range 41.4% AE0.5%, indicating how larger porosity variations are affecting mechanical stiffness and strength (see Table 3 ). Figure 4b discriminate between the same tests performed at 23°C and 130°C. As can be seen, low and high temperature experiments can be found in the soft-weak and stiff-strong quadrant. The convex hulls, encapsulating all the scattered data-points, are used to visualize how the test temperature impacts the stiffness and strength. As can be seen, only about half the areas spanned by the two convex hull for the two temperatures overlaps. In addition, the frequency of soft-weak experiments is higher for high temperature than low, displaying the tendency that the lower temperature tests give rise to a stiffer and stronger chalk behavior.
In Figure 4c , the pragmatic yield stress and bulk modulus are plotted while discriminating between aging and no aging. Here, the areas spanned by the convex hull of the aged and unaged tests overlap more than in Figure 4b , although the number of aged samples in the soft-weak quadrant is higher than the number of unaged samples (and vice versa in the stiff-strong quadrant). Because the areas spanned by the convex hull overlap less when discriminating with respect to test temperature (Figure 4b ) than to aging (Figure 4c) , the test temperature is more important than aging to control stiffness and strength. The chemical effects associated with aging from the ion-chromatography data in Table 1 show the fluids to be enriched in calcium, whereas Mg 2þ was depleted in the Mg 2þ -bearing brines. In addition, sulfate was depleted in the SO 4 2− -bearing brines.
Patterns in mechanical behavior can thus be seen in Figure 4 with respect to (a) brine composition, (b) temperature, (c) as well as aging, indicating that it is a combination of effects that determines the mechanical behavior during loading. This is also illustrated in Figure 5 , in which the mechanical results of pragmatic yield and bulk modulus are shown according to the brine composition. Here, the vertical and horizontal error bars are given. The error associated with strength (vertical) comes from the curved region of the loading curves seen in Figure 2 , where the lower error bar represents the onset of yield and the upper error bar the stress at which full yield has occurred. The horizontal error bars represent the error of the initial slope obtained by the LINEST function of Excel (Figure 3) . In Figure 5a , the seawater tests are shown. Here, the unaged samples at 23°C behave stiffly, the aged samples at 23°C show intermediate stiffness whereas aged, as well as unaged, samples were soft and weak when mechanically tested at 130°C. It is interesting to note how the aged samples, tested at 23°C are found halfway between the unaged 23°C tests and the tests performed at 130°C indicating that the weakening is partially permanent with regard to aging. In Figure 5b , the results from the NaCl tests are shown. These samples are all moderately strong and stiff, with no clear significant pattern with respect to neither test temperature nor aging/unaging. Figure 5c displays Na 2 SO 4 test results in which all samples tend to have a lowered yield stress relative to the trend line in Figure 3a and only the unaged samples at 23°C display a high stiffness and strength, and the remaining samples are soft. On the contrary to SSW-brine, the aged cores tested at 23°C coincide with the high-temperature tests indicating that aging at 130°C leads to full weakening and that the weakening is permanent. Figure 5d represents samples with MgCl 2 -brine. All samples have relatively high yield stress and high bulk modulus, although samples tested at 130°C tend to be weaker than the 23°C tests. The yield stresses and drained bulk modulus for all tests are given in Table 3 .
Porosity impacts the mechanical properties of chalks. In Figure 6a , the relation between the bulk modulus and porosity before the mechanical loading (ϕ init ) test is shown. The value of ϕ init for the unaged samples is derived from the saturated porosity estimate (Table 3 ). The repeatability of this procedure is typically within AE0.05%. Nermoen et al. (2015) compare saturation porosity to helium adsorption pycnometry tests of the solid volume for the same Liège chalk. They showed that the weight-difference method underestimates the porosity by 0.4 percent units (p.u.), corresponding to a density difference of 0.02 g∕cm 3 . To determine ϕ init for the aged samples, the saturation porosity measurements were adjusted by the solid volume change calculated from the ion chromatography (IC) data because of rock-fluid interactions (see Table 2 ). The uncertainty of these estimates was added to the uncertainty of the saturation porosity, such that an error of AE0.1% is given for the initial porosity of the aged samples. All initial porosities before the mechanical loading are reported in Table 3 . The dashed line in Figure 6a indicates a negative trend, although the coefficient of determination is only 0.06, which is considered to be too low to claim that porosity plays a significant role in the elastic stiffness compared with the experimental parameters (test temperature, aging, and brine composition) for the porosity range reported here.
In Figure 6b , the onset of yield is shown as function of the porosity at yield. The porosity at the onset of yield ϕ y was calculated from the volumetric strain using equation 5. An additional uncertainty of AE0.1% was added to the initial porosity estimate. For these porosities, a variation of AE0.1% corresponds to a 5% uncertainty in the volumetric strain. The dashed line represents the negative correlation between ϕ y and onset of yield, with a coefficient of determination of 0.16 implying that porosity at yield is not the most important factor in determining the strength of chalks studied here. Correlations between porosity and drained bulk modulus and yield strength are reported in the figure caption.
DISCUSSION
Chemical reactions during aging
As shown above each discriminating factor (temperature, aging, brine composition, and porosity) cannot alone dictate the elastic stiffness and mechanical strength of porous Liège chalk. A combination of effects is required to predict its mechanical behavior. Two chemical mechanisms are sufficient to describe the change in the fluid composition:
(1) Chemical reactions between the brine and the chalk surface related to dissolution and precipitation.
(2) Adsorption of surface-active divalent ions (sulfate, calcium, and magnesium). In the closed system of the experiments in question, the carbonate in solution will almost exclusively be in the form of monovalent bicarbonate (Madsen, 2002) . On the typical calcite form {10-14}, there is an equal number of positive and negative sites, each with a charge of 1/3 or −1∕3 (Stipp, 1999) .
Both mechanisms are, in our case, limited by the transport of ions in the chalk because the samples were not flooded but were submerged in a chamber during aging, by the rate of the proposed chemical reaction, and by the size of the fluid reservoir with reactive brine. Comparison of the original pore-fluid composition with the composition after aging (Tables 1  and 2) indicates that dissolution/precipitation and adsorption mechanisms are at play. Mechanism (1): In all cases, irrespective of brine composition, Ca 2þ increases during aging. This would indicate chemical equilibration between the calcite and the pore water; however, fluids have different resulting Ca 2þ concentration indicating that dissolution of calcite is not the sole mechanism controlling the calcium in the pore water. The depletion in Mg 2þ in the pore waters is sufficiently high to conclude that Mg-bearing carbonates may have precipitated (Table 2) similarly to what was indicated by X-ray diffraction and scanning electron microscopy with energy dispersive spectroscopy analysis after MgCl 2 flow through experiments (Madland et al., 2011; Megawati et al., 2015) .
Mechanism (2): In a chalk sample saturated with pure water, calcite will dissolve, and a part of the released Ca 2þ will adsorb on the internal surface with a theoretical maximum of 8 μmol∕m 2 corresponding to five sites per nm 2 (Huang et al., 1991) . Several authors have found that Mg 2þ and SO 4 2− adsorb on calcite; in the case of Mg 2þ leading to desorption of Ca 2þ from the internal surface (e.g., Ahsan and Fabricius, 2010; Alam et al., 2010; Megawati et al., 2013) . To estimate if the drop in Mg 2þ concentration could in addition to adsorption processes be caused by precipitation of Mg-bearing carbonates, we quantify the number of adsorption sites from BET analysis, porosity, and sample size (Table 2) . We assume a BET value of 3.4 m 2 ∕g and five negative adsorption sites per nm 2 , and we also assume that Mg 2þ (probably due to its large hydrated size) as found by Alam et al. (2010) only adsorbs to half the negative sites. By this method, we find that Mg-bearing carbonate should indeed precipitate in four of the tested samples because adsorption is insufficient to explain the Mg-depletion in the brine ( Table 2 ). The drop in sulfate is in both cases below what is required for covering of half of the available positive sites ( Table 2 ). As such, surface adsorption of sulfate is adequate to explain the loss, implying that no precipitation of sulfate salts is anticipated. If we assume that the negative adsorption sites are covered preferably by Mg 2þ (each hydrated Mg 2þ is shielding two sites) and the remaining sites are covered by Ca 2þ , we can calculate the total amount of dissolved calcite and precipitated dolomite and thus estimate the porosity increase caused by aging (Table 2 ). This enables us to estimate the change in the solid volume, and we find that the porosity increase due to chemical reactions in all cases is less than 0.2 p.u.
Effect of brine on bulk modulus and yield strength
The electrostatic repulsion expected between calcite particles in an aqueous solution causes the chalk to be weaker and softer than when saturated with oil. The electrostatic repulsion in chalk saturated by freshwater or NaCl-brine would then be due to adsorbed positive divalent calcium ions. When the chalk is saturated with MgCl 2 -brine, it behaves relatively stiff and strong compared with when saturated with the other brines (Figure 4 ). This can be Figure 3e and 3f) , and the upper error bars display the stress at which full yield is observed (purple triangle in Figure 3e and 3f). The horizontal error bars are given by the error of the slope during loading (as shown in Figure 3e and 3f) .
explained by the smaller coverage of Mg-ions than Ca-ions on the internal surface causing a lower internal repulsive electrostatic force, and hence less softening occurs when the divalent Mg 2þ ions adsorb.
For chalk samples saturated with Na 2 SO 4 brine, a weakening is seen when the samples have been exposed to 130°C either during mechanical testing or during aging before being tested at 23°C (Figures 4 and 5) . The adsorbed divalent sulfate ions counteract the positive charge of the adsorbed Ca-ions, but the net charge would remain positive, so the strong weakening effect could be due to the size of the sulfate ion. The Ca-ion has a diameter approximately 200 pm, whereas the sulfate ion has a diameter approximately 500 pm (Jenkins and Thankur, 1979) .
Synthetic seawater contains SO 4 2− and Mg 2þ , and probably due to sulfate adsorption a net softening is noticeable at high temperature and to some extent after aging. The effect is not as pronounced as in the samples with Na 2 SO 4 brine, which is richer in sulfate, and as such for SSW tests, the weakening of the aged sample tested at 23°C is in between the 130°C tests and the unaged 23°C test. The negative sites may be covered with Mg 2þ and Ca 2þ (Table 3) . In all, understanding how the different ions contribute to the static electric effect of the charged mineral surface relies on the concentration of the electrolyte, the size of the ion, the number of adsorption surface sites in the sample, and the distance between the adjacent calcite particles that constitute the chalk.
Estimating the electrostatic component
For a discussion of the electrostatic component of the elastic stiffness on sample scale, we propose the following modification of the Biot effective stress equation 2:
The value of σ es is given by the magnitude of the electrostatic stress, whereas σ VdW represents the Van der Waals attraction. We find that σ es would depend on temperature, brine composition, and mineral phases (Appendix A). This simple formulation leads us to introduce an electrostatic compressibility into Hooke's law.
A way of introducing the additive behavior of the Van der Waals and electrostatic stiffness effects is to consider the Voigt isostrain condition that applies for all triaxial experiments. The Voigt isostrain condition implies that the different stress contributions are additive, which further implies that the measured bulk modulus can Figure 6 . (a) Drained bulk modulus plotted against the porosity before the loading tests were performed. Uncertainties of the unaged cores are reported with an uncertainty of AE0.05%, whereas the aged cores have a certainty with AE0.1%. Dashed trend lines are shown with factors K drained ¼ −0.10 · ϕ init þ 5.04, and R 2 ¼ 0.06. (b) The stress at the onset of yield plotted against the porosity at yield (Table 2 ). An additional uncertainty of 0.05% in porosity is used. A dashed trend line is shown with Y ons ¼ −0.74 · ϕ y þ 36.1, and R 2 ¼ 0.16. Errors in the bulk modulus are the same as in Figure 3 , whereas the onset of yield is reported with an estimated certainty of AE0.5 MPa. Figure 7 . (a) Observed bulk modulus from the stress-strain curves at 23°C and 130°C, aged and unaged, and the four brines. Error bars are the average error of the duplicated tests at equivalent conditions. (b) Electrostatic bulk modulus from the difference between the drained bulk modulus and the bulk modulus of the two oil-saturated samples (hence the negative numbers). Error bars are the sum of error in the oil-saturated samples (23°C) plus the error of the water-saturated samples. be partitioned additively. Here, we propose using the same two components, namely, a Van der Waals component and an electrostatic component:
If we know the drained bulk modulus of the same material from tests with negligible electrostatic impact (σ es ¼ 0, thus K es ¼ 0), then, the frame bulk modulus equals the modulus from a drainage test K frame bulk ¼ K VdW . The magnitude of K es is determined by the difference between the modulus obtained from oil-saturated tests (assumed to correspond to the stiffness of the porous rock itself) and the drained bulk modulus of the electrolyte bearing chalk via
In Figure 7a , we show the average bulk modulus for each pair of all tests (Table 3) , and the estimate of the electrostatic bulk modulus is shown in Figure 7b . The minus sign in Figure 7b arises because oil-saturated samples are stiffer than those saturated with electrolytes. The estimated uncertainty of the slope in the effective stress versus strain curve (from brine-saturated samples) increases when the uncertainty of the K VdW (from the oil-saturated samples) is included. This leads to significantly larger uncertainty in the K es estimate than the measurements of K drained . The estimated stiffness reduction, i.e., the magnitude of K es , is larger for the Na 2 SO 4 and SSW tests than the MgCl 2 and NaCl tests, larger for 130°C than for 23°C, and larger for the aged tests than the unaged tests. When combining equations 2, 6, and 7, the electrostatic contribution to the effective stress estimate is given by
The additional uncertainty in the estimates of K es arises from the fact that the oil-and brine-saturated samples are acquired from separate Liège chalk blocks. However, the yield stress and elastic modulus in water-saturated conditions at ambient temperature are the same for the two chalk blocks. As such, we find it is justified to assume that the mechanical properties of the two blocks are similar.
The presented results may be used to improve mechanical reservoir models. This can be done by using realistic geochemical flow simulations capable of predicting the temperature, fluid pressure, ion-composition profiles, and residence time in real-reservoir systems. By incorporating the experimentally determined electrostatic bulk modulus for the different cases, the flow models may be used to estimate the extended effective stress variations throughout the reservoir in 3D space and time. In this way, water-weakening can be modeled. For example, the injection of seawater into chalk reservoirs would lead to electrostatic effects as magnesium and sulfate adsorb onto the calcite surface. The reformulated effective stress concept can therefore become useful to model deformation accurately in seawater-flooded chalk reservoirs if K es is known from an experimental database. This would call for an even more thorough mapping of the magnitude of K es as a function of temperature, brine composition, and residence time of the different ions present in the specific reservoir.
CONCLUSION
Previous studies have indicated how the adsorption of surfaceactive agents increases a disjoining pressure that reduces the intergranular forces at particle contacts. In addition, when time comes into play, dissolution and precipitation also alter the mechanical properties of chalk.
We found that the disjoining pressure includes an additional electrostatic stress that can be incorporated into the traditional Biot effective stress relation. At isostrain conditions, the electrostatic stress is equivalent to introducing an electrostatic stiffness modulus. The magnitude of the electrostatic modulus depends on brine composition, test temperature, and aging time. The magnitude of the extended effective stress can be estimated from the Biot coefficient and the bulk modulus of dry-or oil-saturated samples with negligible electrostatic effects.
Series of experiments were performed to map out the magnitude of the electrostatic contribution as temperature, brine composition, and residence time (i.e., aging) vary, and the results were interpreted in terms of electrostatic repulsion. We included results from 32 triaxial loading experiments with four different brines, two temperatures and aged versus unaged samples that were duplicated. In addition, stiffness and strength measurements of two oil-saturated samples were presented. Concerning bulk modulus, the magnitude of the electrostatic stress was found to depend on brine composition, temperature, and residence time, in decreasing order.
We found weakening and softening in all brine-saturated samples as compared with oil-saturated samples. Comparing the electrolyte tests, the samples containing sulfate-bearing pore water suffered the largest softening especially after aging or heating. This may be an effect of the large size of the adsorbed sulfate ions causing an expansion of the electrical double layer. By contrast, samples with magnesium-bearing brine remained relatively stiff and strong. This can be a consequence of a lower amount of adsorbed divalent cations on the internal surface when Mg 2þ is the dominating ion as compared with when Ca-ions are dominating.
When temperature, brine composition, and pore pressure change through time and space, this would lead to significant changes in the extended effective stress that drive deformation. These results pave the way for incorporating geochemical flow models into mechanical models, thereby predicting water weakening of chalk in realistic scenarios.
The symbol I is the ionic strength of the solution, ψ 0 is the surface potential in mV, κ is the inverse Debye length (in nm −1 ), and ε is the dielectric constant of the solution corrected for temperature and brine concentration according to Revil et al. (1999) . The term A is the Hamaker constant, which for calcite systems can be set to 5 × 10 −21 J (Israelachvili, 1985) . Note that the magnitude of the net disjoining pressure (second term) is highly sensitive to the choice of parameters. A negative disjoining pressure corresponds to attraction. The estimate of PðdÞ is shown in Figure 2b , and the parameters used are displayed in Table A-1. To quantify how these disjoining pressures between two adjacent calcite surfaces add up to sample scale, several assumptions are required: First, PðdÞ needs to be integrated from the surface outward to get the net attraction or repulsion at any given point. Then, to what extent two continuous neighboring surfaces are attracted/repelled would depend on the particle angularity and orientation (which dictates the distance between particle pairs). Then, when integrating from particle pairs to the sample scale, the interactions between all neighboring particles need to be added up, so in this paper, we refrain from attempting upscaling the forces. 
